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Birmingham, B15 2TT, United KingdomABSTRACT The adsorption and insertion kinetics for the association of two 34-residue cyclic peptides with phosphocholine
membranes have been studied using circular and linear dichroism approaches. The two peptides studied are identical with
the exception of two residues, which are both tyrosine in one of the peptides and tryptophan in the other. Both peptides adopt
random coil conformations in solution in the absence of membranes and do not aggregate at concentrations below 20 mM. After
addition to liposome dispersions, circular dichroism spectroscopy indicated that both peptides undergo an extremely rapid trans-
formation to a b-conformation that remains unchanged throughout the remainder of the experiment. Linear dichroism (LD) spec-
troscopy was used to study the kinetics of membrane adsorption and insertion. The data were analyzed by nonlinear least
squares approaches, leading to identiﬁcation of a number of bound states and their corresponding LD spectra. Two pseudo-ﬁrst
order processes could be identiﬁed that were common to both peptides. The ﬁrst occurred with a time constant of the order of
1 min and led to a bound state characterized by weak LD signals, with signiﬁcant bands corresponding to the transitions of
aromatic side chains. The second process occurred with an unusually long time constant of between 75 and 100 min, forming
a state with considerably stronger positive LD absorbance in the far-ultraviolet region of the spectrum. For the tyrosine-
substituted peptide, a third slow process with a long time constant (76 min) could also be delineated and was attributed to rear-
rangements of the peptide within the membrane.INTRODUCTIONThere has been much speculation in recent years concerning
the roles of aromatic amino acids in the interactions of
proteins and peptides with lipid bilayers (1–4). Recent
studies have suggested that tryptophan in particular, has
significant interactions with lipids, using the hydrogen
bonding donor potential of the indole ring combined with
a possible role for cation-p interactions of the large aromatic
ring system (5,6). Tyrosine has also been found to have
significant interactions with phospholipid headgroups
(5,1,2).
From data produced by studies on model transmembrane
peptides (7,8) it is clear that tryptophan plays a key role in
membrane anchoring, with NMR evidence suggesting that
the indole group of the tryptophan side chain interacts with
lipid acyl carbonyl groups (9); recent experiments with ether
lipids have shown similar peptide behaviors to those
observed with acyl lipids (10). These experiments, however,
have been generally restricted to transmembrane species that
are helical in nature. Systematic studies on model transmem-
brane b-peptides have been conducted less frequently,
despite the relative abundance of stable membrane proteins
and antimicrobial peptides rich in b-structure. Experiments
on short tryptophan- and leucine-rich b-sheet peptides have
highlighted the particular importance of hydrogen bondSubmitted July 29, 2008, and accepted for publication October 28, 2008.
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(11,12), and shown that significant changes in behavior
can occur in response to single amino acid changes, particu-
larly concerning substitutions for tryptophan. Similar modi-
fications to the membrane activities of b-sheet peptides after
single amino acid substitutions for tryptophan have been
shown elsewhere (13), raising questions with regard to the
mechanisms that control the membrane insertion and
stability of peptides.
To obtain mechanistic information, it is desirable to have
access to both kinetic and structural information during the
insertion process itself. Circular dichroism (CD) spectros-
copy has proved to be a useful tool for monitoring the
conformations of peptides in membrane-associated and free
forms, but does not show information concerning the loca-
tion of the peptide within the membrane. Oriented CD
(14–18) and linear dichroism (LD) approaches have been
used to address this concern. LD shows the orientation of
electronic transitions with respect to the experimental frame
of reference and can therefore furnish information on the
orientation of peptides with respect to membranes, provided
that the latter can be aligned. The development of a low
volume Couette cell (19,20) has allowed facile measurement
of LD spectra from membrane-bound species in shear-
aligned liposomes (21,22). This has been used to study the
alignments of cell-penetrating peptides and was able to
correlate reduced membrane penetrating ability with a-helix
alignment in the plane of the membrane (23). Combined CDdoi: 10.1016/j.bpj.2008.10.039
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tryptophan side chains in the b6.3 conformation of the
peptide, with the axis of the peptide found to align along
the bilayer normal and the tryptophan side chains to adopt
orientations away from the plane of the membrane (21).
This approach therefore has the potential to allow both
peptide structure and membrane alignment to be probed as
a function of time, enabling insertion kinetics to be deter-
mined with greater certainty.
In previous work (24), we described a cyclic peptide
system that was able to porate liposomal membranes with
high efficacy. In this study, we describe spectroscopic exper-
iments concerning this and a related peptide (Fig. 1) that
show that these peptides undergo a range of kinetic processes
after binding to membranes, some of which exhibit much
slower kinetics than anticipated. The data further highlight
the differential effects of tyrosine and tryptophan in relation
to membrane anchoring and shows the potential for deconvo-
luting LD data to reveal details of intermediate states in the
insertion process.MATERIALS AND METHODS
Materials
All amino acids, benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphonium hex-
afluorophosphate (PyBOP) and the solid support (Novasyn TGR) were
purchased from Novabiochem (Nottingham, UK). 1,1,1,3,3,3-Hexafluoro-
isopropanol (HFIP) and 2,2,2-trifluoroethanol (TFE) were purchased from
Fluorochem (Glossop, UK) and distilled before use. All other solvents and
reagents, including N,N-dimethylformamide (DMF), 1-hydroxybenzotria-
zole (HOBt), N,N-diisopropylethylamine (DIEA), N-methylmorpholine
(NMM), N,N-diethyldithiocarbamate, sodium salt (DEDC), trifluoroacetic
acid (TFA), 1,2-ethanedithiol (EDT), triisopropylsilane (TIS) and 2-(4-hy-
droxyphenylazo)benzoic acid (HABA) were purchased from Aldrich (Gil-
lingham, UK), Fisher Scientific (Loughborough, UK), or Lancaster
Synthesis (Heysham, UK) and used without further purification.
For liposome preparation, egg phosphatidylcholine (EPC; 100 mg/mL in
chloroform) was purchased from Sigma (Gillingham, UK) and 100 nm laser-
etched polycarbonate membranes from Whatman (Maidstone, UK).
Peptide chain assembly
Peptides 1 and 2 were synthesized by batch solid-phase peptide synthesis
under a nitrogen atmosphere at room temperature on an Advanced Chemtech
348U synthesizer using a Novasyn TGR solid support (0.29 mmol/g; 0.10 g,
0.03 mmol) and Fmoc protection strategies. Coupling of amino acids was
carried out for 1 h in DMF (2.5 mL) using PyBOP (5 eq) in the presence
of HOBt (5 eq) and DIEA (10 eq). Deprotection between cycles was con-Biophysical Journal 96(4) 1399–1407ducted with 20% v/v piperidine in DMF (2  2 mL). The solid support
was washed with DMF after each coupling and Fmoc-deprotection step
(2  2.5 mL and 4  2.5 mL respectively). In the first cycle, N-a-Fmoc-
L-aspartic acid a-allyl ester (Fmoc-Asp-OAll) was double-coupled to the
solid support. Valine, leucine, tryptophan, and tyrosine residues were
added as pseudoproline dipeptides (Fmoc-Val-Ser(cMe,MePro)-OH, Fmoc-
Leu-Ser(cMe,MePro)-OH, Fmoc-Trp(Boc)-Ser(cMe,MePro)-OH, Fmoc-
Tyr(tBu)-Ser(cMe,MePro)-OH) (25). After peptide assembly, a small portion
(~5 mg) of the resin was removed for analysis.
Peptide cyclization
The resin was washed with CH2Cl2 (3  2 mL) and then treated with CH2Cl2
(2 mL) and a freshly prepared solution of tetrakis(triphenylphosphine)palla-
dium(0) in CHCl3/AcOH/NMM (37:2:1; 30 mM, 1.5 mL) (26). The mixture
was agitated for 2 h at room temperature before being washed successively
with DIEA (0.5 M in DMF, 3.3 mL), DEDC (0.3 M in DMF, 2.5 mL), and
DMF (2  3 mL). The resin was then treated with a solution of DIEA
(0.026 g, 0.15 mmol), HOBt (0.023 g, 0.15 mmol), and PyBOP (0.078 g,
0.15 mmol) in DMF (3 mL) for 5 h at room temperature before being washed
successively with DMF (4  1.5 mL), MeOH (5  2 mL), and CH2Cl2
(5  2 mL) and dried under a stream of nitrogen for 30 min. This yielded
0.19 g and 0.18 g of peptide-bound resin for peptides 1 and 2 respectively.
Cleavage of peptides from the solid support
Cleavage of the peptide was conducted when necessary by treating portions
of the resin (50 mg) with a mixture of TFA/water/EDT/TIS
(9.5:0.25:0.25:0.1; 1 mL) for 4 h at room temperature. The mixture was
then filtered and the resin washed with TFA (3  0.5 mL). The combined
filtrants were treated with dry diethyl ether (20 mL) and cooled to 0C.
The precipitate was pelleted by centrifugation at 14,000  g for 10 min
and triturated with diethyl ether (20 mL) before repeating the centrifuga-
tion/trituration process a further two times and drying the pellet in vacuo
to give the crude product.
Peptide puriﬁcation and analysis
The crude product was dissolved in TFE (1.5 mL) for purification. Three
eluants were used for HPLC purification: 80% HFIP/TFE (10% v/v;
eluant A), TFA/MeCN (0.1% v/v; eluant B), and 20% TFA/water (0.1%
v/v; eluant C). HFIP and TFE were obtained from Fluorochem and distilled
before use. Other solvents were of HPLC grade from Fisher Scientific. Chro-
matography was carried out on a Supelcosil LC-8 (C8) column (Supelco;
25 cm  1 cm) using isocratic elution between 0 and 6 min with an eluant
composition of 80% A and 20% C, followed by a linear gradient between
6–9 min of 80%–50% A, 0%–50% B, and 20%–0% C. The flow rate was
2 mL/min throughout. Retention times were 7.23 min (1) and 6.56 min
(2). Fractions corresponding to the top of peaks in the elution profile were
collected manually, pooled and concentrated in vacuo before being rechro-
matographed. Fractions from the base of peaks were pooled separately and
subjected to a further two rounds of chromatography, producing final yields
of 0.6 mmol (19%) for 1 and 0.2 mmol (12%) for 2, (based on the maximumFIGURE 1 Structures of the cyclic peptides described in
this study.
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mass spectrometry on a Voyager-DE STR apparatus using a stainless steel
target. Peptides and matrix (HABA) were codissolved in HFIP at a molar
ratio of 1:1400 to 1:3000 and 1 mL of the solution spotted on to the MALDI
target. Calculated for linear allyl ester of 1: C161H236N38O59Na requires m/z
3670.81; found 3670.54, [M þ Na]þ. Calculated for linear allyl ester of 2:
C165H238N40O57Na requires m/z 3716.88; found 3716.35, [M þ Na]þ.
Calculated for 1: C158H228N38O58Na3 requires m/z 3656.69; found
3656.73, [M þ 3Na  2H]þ. Calculated for 2: C162H230N40O56Na3
requires m/z 3702.76; found 3702.77, [M þ 3Na  2H]þ.
Stock solutions of the peptides were prepared in TFE and their concentra-
tions determined through absorbance measurements at 280 nm after dilution
of small aliquots into water (extinction coefficients were calculated as
3 ¼ 8940 mol1 cm1 and 3 ¼ 16,960 mol1 cm1 at 280 nm for peptides
1 and 2 respectively) (27).Liposome preparation
A solution of egg phosphatidylcholine (100 mL, 10 mg) was concentrated in
vacuo in a 25 mL round bottomed flask to form a thin film that was dried in
vacuo overnight. The lipid film was hydrated with 1 mL of aqueous medium
containing 150 mM NaCl buffered with 10 mM tris at pH 7.4 and mixed
thoroughly before being subjected to five freeze thaw cycles and extruded
10 times through 100 nm laser-etched polycarbonate membranes at 30C
using a thermobarrel extruder (Northern Lipids, Burnaby, Canada).Circular and LD spectroscopy
Experiments were carried out on Jasco J-810 (CD) or Jasco J-715 (LD) spec-
tropolarimeters and processed using the Spectra Analysis program (version
1.50, Jasco, Great Dunmow, UK). All experiments were carried out in 10 mM
tris buffer at pH 7.4 containing 150 mM NaCl using a 1 cm quartz cell (CD) or
a purpose made 50 mL quartz Couette cell (LD) (19) at 25C. A portion of the
stock solution of the peptide in TFE was added to the aqueous medium con-
taining liposomes at concentrations in the range 1.5–1.82 mg/mL (~2 mM)
and mixed by gentle shaking, producing peptide concentrations in the range
0.34–10.1 mM. Volumes were selected such that the proportion of TFE was
never >10% v/v. Time series spectra were acquired between 350–190 nm
at a scan rate of 10 nm/min, with a response time of 16 s and a bandwidth
of 2 nm. Blank spectra were recorded after the addition of identical quantities
of pure TFE to the aqueous medium and subtracted from the raw time series
spectra. LD spectra were further processed using 15-point binomial
smoothing, before analysis. Data from time series acquisitions were fitted
to two- or three-state models (Fig. 2) using Eq. 1 ([P]3 and LD3 ¼ 0 for the
2-state model).
LDcalc ¼
½P1LD1 þ ½P2LD2 þ ½P3LD3
½PT
; (1)
where [P]1, [P]2, and [P]3 are the concentrations of peptide in states 1, 2, and
3 respectively, and LD1, LD2, and LD3 are the LD signals corresponding to
these states. [P]T is the total concentration of peptide. LDcalc is the calculated
LD signal.
Concentrations of the peptides in each state were calculated according to
Eqs. 2–4:
½P1 ¼
½PTk1ðek1t  ek2tÞ
k2  k1 (2)FIGURE 2 The kinetics model used for analysis of LD data.
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k3t
ðk1  k3Þðk2  k3Þ

ð3Þ
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ðk1  k3Þðk2  k3Þ

; ð4Þ
where k1, k2, and k3 are the rate constants for the formation of states 1–3 and
t is time. With k3 ¼ 0, Eqs. 3 and 4 revert to those for a 2-state model.
For the purposes of these calculations, time t at which the instrument was
at a given wavelength (lt) on each independently collected scan could be
related to the scan rate using Eq. 5:
t ¼ ls  lt þ nðls  leÞ
s
; (5)
where ls is the starting wavelength of each scan, le is the end wavelength of
the scan, lt is the wavelength of the monochromator at time t, s is the scan
rate in nm/min, and n is an integer corresponding to the number of
completed scans (n ¼ 0, 1, 2.). Global least squares fitting to shared rate
constants (k1, k2, and k3) was carried out using the data from four wave-
lengths (193 nm, 228 nm, 245 nm, and 254 nm) to calculate LD evolution
profiles (LDcalc). Nonlinear least squares curve fitting procedures were
carried out using the Solver function in the program Excel (Microsoft, Red-
mond, WA). The rate constants determined from the above process were
then used to evaluate the LD parameters at all wavelengths by nonlinear least
squares fitting, to generate the full LD spectrum for each of the bound states.RESULTS
Peptide synthesis
Peptides 1 and 2 were synthesized in moderate yield using an
approach based on coupling the majority of the amino acids
as pseudoproline dipeptides. This approach was expected to
enable assembly of the peptide chains while minimizing the
formation of nonproductive conformations and favor the
final cyclization process. To further facilitate cyclization,
the syntheses were carried out on a solid support with a poly-
ethylene glycol spacer to ensure that the reaction occurred in
more solution-like conditions. The use of an allyl group as
orthogonal protection for the first amino acid proved
successful, although it was necessary to prepare fresh
Pd(PPh3)4 in-house (see Supporting Material) for the depro-
tection to proceed to completion. Analysis of small portions
of cleaved resin by mass spectrometry before cyclization
indicated that the chain had been assembled successfully.
Minor peaks at lower mass than the target peptide were
consistent with small amounts of peptide for which coupling
of Fmoc-Val-Ser(cMe,MePro)-OH had not gone to comple-
tion, but at levels that were not detrimental to isolation of
the target peptides. Cyclization and cleavage proceeded
without difficulties, to yield the crude peptides. As antici-
pated, these were not trivial to manipulate due to the lack
of charged residues and high amphiphilicity. Nevertheless,Biophysical Journal 96(4) 1399–1407
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through the use of fluorinated alcohols as the principal
solvents. Once solubilized, peptide solutions could be
diluted in to aqueous media at solvent compositions%10%
alcohol by volume and remained stable over several hours.
Liposome binding experiments
Both peptides exhibited CD spectra in solution in the
absence of membranes that were consistent with random
coil conformations (see Supporting Material). Furthermore,
at the concentrations used for these experiments there was
no evidence of aggregation. After addition to liposomes,
CD spectra were produced that were consistent with rapid
association to the liposomal membranes (Fig. 3, A and B).
Single minima at 213 nm and 216 nm were observed for 1
and 2 respectively, similar to those observed for b-barrel
membrane proteins (28) and consistent with the adoption
of b-structure. Due to the high salt conditions and path
lengths used for CD experiments, data could not be recorded
at wavelengths <210 nm. The profiles of the CD spectra ex-
hibited by both peptides did not change significantly during
the course of the experiments. LD measurements over the
same time period (Fig. 3, C and D) yielded spectra indicative
of changes in membrane alignment occurring on a timescale
of minutes to hours. During these measurements, the LD
signal remained positive at all wavelengths, with notableFIGURE 3 Time series spectra acquired at 20C over an 8-h period after the a
at pH 7.4. CD spectra for 1 (A) and 2 (B) at respective peptide concentrations of
LD spectra for 1 (C) and 2 (D) at respective peptide concentrations of 1.05 mM
associated with each LD spectrum indicates the time (min) after which acquisiti
Biophysical Journal 96(4) 1399–1407shoulders observed in the regions of 190–195 nm and
245–250 nm for both peptides and additional shoulders at
227 nm and 291 nm for peptide 2.
Least squares ﬁtting of the experimental data
LD data were analyzed using kinetic models that assumed
pseudo-first order kinetics for consecutive processes. This
was reasonable, given the combination of the excess lipid
used in the experiments and the likelihood that the early
phases in the binding of peptides to membranes do not
involve aggregates. Examination of semi-log plots for the
evolution of the LD signal (Fig. 4, A and B) support these
models, particularly for peptide 2, where it is evident that
the semi-log plot consists of two processes with strikingly
linear rate profiles. For peptide 1, the data could be modeled
adequately using a triple exponential model (Eqs. 1–5).
Applying a double exponential model for peptide 1 yielded
inferior fits to the experimental data. Data from four wave-
lengths corresponding to regions with the major shoulders
in the LD spectra were used for the analysis of both peptides.
Global least-squares fitting to shared rate constant values
yielded good fits to the experimental data for both peptides
(Table 1).
The binding of peptide 1 (Fig. 4 C) was characterized by
three processes, with k1 > k2z k3. The calculated LD values
for each of the bound states are indicative of an initiallyddition of peptides to 100 nm EPC liposomes in 10 mM tris/150 mM NaCl
10.1 mM and 3.23 mM and an EPC concentration of 1.82 mg/mL (2 mM);
and 0.34 mM and an EPC concentration of 1.5 mg/mL (2 mM). The legend
on of the corresponding spectrum commenced.
FIGURE 4 The evolution of LD signals after the addition of peptides 1 and 2 at respective concentrations of 1.05 mM and 0.34 mM to EPC liposomes
(1.5 mg/mL; 2 mM) in 10 mM tris/150 mM NaCl at pH 7.4: semi-log plots for peptide 1 at 193 nm (A) and 2 at 228 nm (B); experimental and calculated
profiles for peptides 1 (C) and 2 (D) at 193 nm (-), 228 nm (:), 245 nm (,) and 254 nm (B). Experimental data are presented as points and the calculated
profiles from nonlinear regression as lines.
Peptide Adsorption by LD 1403weakly-oriented state (P1, formed with rate constant k1) with
low LD. The peptide then converts to a considerably more
oriented state (P2, formed with rate constant k2) before relax-
ing to a state with intermediate LD values (LD3, formed with
rate constant k3). For peptide 2 (Fig. 4 D), two processes
were characterized, with k1 > k2. As with peptide 1, a state
with low orientation forms with rapid kinetics before con-
verting to a state that is considerably more ordered.
Calculation of the LD parameters at all wavelengths using
the kinetic parameters in Table 1 enabled the LD spectra
corresponding to each of the bound states to be determined
(Fig. 5). In the case of peptide 1 (Fig. 5 A), the initial bound
state (P1) is characterized by an LD spectrum (LD1) that is
relatively weak across the whole spectrum, but has
a pronounced maximum at 246 nm and a shoulder
at ~275 nm. This gives way to spectra (LD2 and LD3,Fig. 5 A) exhibiting significantly higher LD values in the
far-ultraviolet (UV) range, with a significant maximum at
193 nm. Interestingly, changes in the near-UV spectrum
are considerably smaller than those of the far-UV for both
of these bound states. The spectrum of the initial bound
state of peptide 2 (LD1, Fig. 5 B) shares similar features
with that of peptide 1, with a maximum at 249 nm and a
shoulder at 292 nm. This also gives way to a spectrum
(LD2, Fig. 5 B) with higher LD values in the far-UV range
and smaller changes in the near-UV, but with a shoulder at
228 nm in addition to the maximum at 192 nm.
One feature enabled by the nonlinear regression using this
model is the ability to calculate the concentration of all inter-
mediates throughout the experiment. This gives rise to the
concentration profiles in Fig. 6. For both peptides, the
initially formed state (P1) forms rapidly and then decaysBiophysical Journal 96(4) 1399–1407
TABLE 1 Parameters obtained from nonlinear least squares
ﬁtting of the model described by Eqs. 1-5 to the experimental
data for the binding of peptides 1 and 2 at respective
concentrations of 1.05 mM and 0.34 mM to EPC liposomes
(1.5 mg/mL; 2 mM) in 10 mM tris/150 mM NaCl at pH 7.4
Parameter Peptide
1* 2*
k1/min
1 1.015 0.20 1.625 0.47
k2/min
1 0.0135 0.001 0.0105 0.001
k3/min
1 0.0135 0.001 —
t1/min 0.995 0.19 0.625 0.18
t2/min 76.35 5.9 98.65 9.7
t3/min 76.45 5.9 —
LD/AU mol1 dm3
193 nm
LD1 5705 13 16495 9
LD2 21305 79 38745 4
LD3 13405 20 —
228 nm
LD1 3775 2 7065 7
LD2 9095 37 12865 5
LD3 6595 10 —
245 nm
LD1 4235 9 6625 2
LD2 7395 12 17155 1
LD3 5055 4 —
254 nm
LD1 3005 3 6315 4
LD2 4825 7 11425 2
LD3 352 þ 4 —
*Errors are reported to 95% confidence limits and were estimated by
repeating the nonlinear regression ten times from random estimates of the
variables.
FIGURE 5 LD spectra for each binding state described by Eq. 1, calcu-
lated by regression analysis of the binding profiles for the association of
peptides 1 (A) and 2 (B) with EPC liposomes in 10 mM tris/150 mM
NaCl at pH 7.4. The identity of the binding state is indicated by the text asso-
ciated with each spectrum.
1404 Ennaceur et al.exponentially to zero during the period of the experiments. In
the case of peptide 2, the final state (P2) forms completely
during the same period. With peptide 1, this state exists as
a transient intermediate, decaying to zero and being replaced
by the final state (P3).DISCUSSION
Peptides 1 and 2 were designed following bioinformatics
exercises on b-barrel membrane proteins on the basis that,
due to their hydrophobicity and amphiphilicity, membrane
association would be favored (24). Their cyclic nature was
intended to promote the formation of secondary structure
after membrane binding and render analysis of insertion
processes more straightforward, as the issue of which end
of the peptide inserts into the membrane first would not be
a consideration.
Both peptides adopt random coil conformations in
aqueous solution at concentrations <20 mM in the absence
of membranes. However, after addition to membranes,
secondary structure forms rapidly and once formed, remains
unchanged for the duration of the experiment. As a conse-
quence, LD data can be interpreted with the certainty that
they reflect only changes in alignment with respect to the
experimental frame of reference and do not contain contribu-Biophysical Journal 96(4) 1399–1407tions from secondary structure changes. It further enables LD
profiles at all wavelengths to be simultaneously fitted to the
same kinetics parameters, improving the reliability of data
analysis. The purpose of this study was to explore the possi-
bilities for using LD to probe the membrane-association
kinetics of two peptides designed to undergo insertion, by as-
saying relative changes in alignment. As such, it was not
necessary to use an internal reference to define the experi-
mental frame of reference, as has been described elsewhere
(29). For this work, the semiquantitative assessment made
here enables us to extract the mechanistic information
required.
Nonlinear fitting of the model described by Eqs. 1–5
produced good fits to the experimental data for both
peptides. Two processes are common to both peptides. The
first (k1) is a rapid process that leads to a bound state (P1)
characterized by a weak positive LD spectrum with distinct
maxima and shoulders in the near-UV that correspond
closest to the La and Lb transitions of tyrosine and tryptophan
(20). The Lb transition of tyrosine is oriented normal to the
Cb-C1-C4-O axis and is usually found in the region of
260 nm, although transitions in the region of 250 nm have
been reported for b-rich proteins with a high aromatic amino
acid content, such as retinol binding protein (30). Trypto-
phan has an La transition occurring at ~265 nm that lies on
an axis that bisects the indole N1-C4 atoms and an Lb
FIGURE 6 Concentrations of each of the liposome-bound states after
addition of peptides 1 (A) and 2 (B) at respective concentrations of
1.05 mM and 0.34 mM to EPC liposomes (1.5 mg/mL; 2 mM) in 10 mM
tris/150 mM NaCl at pH 7.4, calculated by fitting of Eq. 1 to the experi-
mental data by nonlinear regression. (Dashed line) [P]1; (solid line) [P]2;
(dotted line) [P]3.
Peptide Adsorption by LD 1405transition at 287 nm oriented orthogonally to the La transi-
tion. The deconvoluted LD spectrum for P1 is consistent
with a state that is weakly bound to the membrane through
the side chains of aromatic residues, leading to alignment
of these side chains, with the peptide backbone either poorly
aligned or aligned close to 54.7 with respect to the
membrane normal (that would also give a weak signal)(22). As the wavelengths corresponding to these bands are
red-shifted by ~5 nm in peptide 2 with respect to the corre-
sponding bands of peptide 1, indicating that they arise
from the tryptophan residues of the former, it would seem
that the residues near the ends of the peptides as depicted
in Fig. 1 are those that are primarily participating in interac-
tions, although it does not rule out contributions from the
others. Positive LD bands for both La and Lb of tryptophan
have been observed in other systems (23) and are indicative
of the indole side chain being oriented perpendicular to the
membrane normal. In these studies, the same rationale can
be applied to the phenolic side chain of tyrosine. The obser-
vation of a spectrum that is positive across the wavelength
range suggests that the alignment of the peptide as a whole
is nearer to the membrane normal than the plane of the
membrane, as the main amide transitions in b-hairpins that
contribute to the far-UV region have a cross strand orienta-
tion. Taken together, these observations are consistent with
an anchoring interaction of a small number of residues
with the membrane surface. It is noteworthy that the signals
corresponding to the Lb transitions of tyrosine and trypto-
phan do not change significantly throughout the duration
of the experiment, which suggests that some of the side chain
interactions are relatively strong and implies that changes in
alignment of the peptide backbone are accommodated by
changes in the side chain torsional angles.
The second process (k2) is characterized by surprisingly
slow kinetics, which was not anticipated at the outset of
this work. The spectrum of the bound state (P2) has signifi-
cantly more positive LD values across the spectrum, partic-
ularly for the 190 nm region (corresponding to the p-p*
transition of the backbone), indicative of an alignment that
is closer to the membrane normal than P1. Accounts of
kinetic processes for the binding of peptides to membranes
with half-lives of the order of ~1 h are rare. White et al.
(16) reported conditions under which a designed helical
peptide underwent slow membrane insertion kinetics, on
a timescale of hours, although this phenomenon was only
observed at nonphysiological pH values (%pH 5.3). It will
be of interest to determine whether peptide rearrangements
on these timescales are a general phenomenon or a property
particular to these peptides. Earlier studies on marker release
by peptide 1 indicated that apparent poration of EPC
membranes occurs on a timescale of seconds to minutes
(24), which is more consistent with the kinetics of k1 than
k2, raising the possibility that membrane disruption occurs
primarily during the initial binding process, rather than by
specific poration. An explanation for the slow kinetics lies
in the lack of charge complementaity between the peptides
and the membrane, both of which are neutral in the physio-
logical pH range. Given the low molar peptide/lipid ratios
(typically 1:1000) and that the peptides do not promote
significant changes in lipid morphology at higher ratios
(24), the changes in LD can be assigned to changes in
peptide orientation.Biophysical Journal 96(4) 1399–1407
FIGURE 7 Peptide binding conformations consistent with the calculated
LD spectra for binding states of peptides 1 and 2. The membrane is repre-
sented by the hatched boxes and the peptide by open rectangles.
1406 Ennaceur et al.A third kinetic process is observed for peptide 1, but not
peptide 2. This also occurs on a slow timescale, and leads to
a diminution of positive LD values, consistent with the adop-
tion of a conformation that lies further away from the
membrane normal. One possibility is that this represents
a realignment of peptide 1 to minimize the effects of mismatch
(31,32) between the peptide and the membrane or promote
peptide aggregation, whereas peptide 2 does not realign due
to the known anchoring effects of tryptophan in the interfacial
region of lipid membranes (9), which would favor lipid redis-
tribution as a means of overcoming mismatch.
One study of the refolding of a b-barrel outer membrane
protein reported three processes with kinetics on a similar
timescale to those reported here (33). Of these, a moderately
slow process with a timescale of minutes was attributed to
the formation of a partially folded state within the membrane,
with the slower process on a timescale of hours attributed to
adoption of the folded state. These are broadly similar to the
processes observed here, indicating that these peptides may
prove to be good models for transmembrane b-barrels. A
model for the behavior of these peptides is shown schemat-
ically in Fig. 7.
The peptides form secondary structure on a timescale that
is more rapid than k1. The full description of binding there-
fore requires at least one additional rate constant to be
included in the process depicted in Fig. 7. An advantage of
the rapid adoption of secondary structure, however, is that
changes in LD relate only to changes in peptide orientation,
enabling us to interpret the LD data more definitively than if
folding and insertion were coupled. The data illustrate that
the LD methodology is a useful tool for probing membrane
adorbtion kinetics that is of general applicability to systems
where confomational changes during adsorbtion can be as-
sayed.SUPPORTING MATERIAL
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